expression is reduced under insulin-resistant conditions, such as those resulting from high-fat diet (HFD) feeding and obesity. Herein, we investigated whether constitutive activation of SIRT1 in skeletal muscle prevents HFD-induced muscle insulin resistance. To address this, mice with muscle-specific overexpression of SIRT1 (mOX) and wild-type (WT) littermates were fed a control diet (10% calories from fat) or HFD (60% of calories from fat) for 12 wk. Magnetic resonance imaging and indirect calorimetry were used to measure body composition and energy expenditure, respectively. Whole body glucose metabolism was assessed by oral glucose tolerance test, and insulinstimulated glucose uptake was measured at a physiological insulin concentration in isolated soleus and extensor digitorum longus muscles. Although SIRT1 was significantly overexpressed in muscle of mOX vs. WT mice, body weight and percent body fat were similarly increased by HFD for both genotypes, and energy expenditure was unaffected by diet or genotype. Importantly, impairments in glucose tolerance and insulin-mediated activation of glucose uptake in skeletal muscle that occurred with HFD feeding were not prevented in mOX mice. In contrast, mOX mice showed enhanced postischemic cardiac functional recovery compared with WT mice, confirming the physiological functionality of the SIRT1 transgene in this mouse model. Together, these results demonstrate that activation of SIRT1 in skeletal muscle alone does not prevent HFD-induced glucose intolerance, weight gain, or insulin resistance. SIRT1; insulin resistance; high-fat diet; skeletal muscle IMPAIRED GLUCOSE UPTAKE in response to insulin is a common metabolic derangement that can result from the consumption of a hypercaloric, high-fat diet (HFD) and is a key contributor to the etiology of type 2 diabetes (6, 30). The NAD ϩ -dependent protein deacetylase sirtuin 1 (SIRT1) may be a key convergence point that links fluctuations in nutrient status to the regulation of insulin sensitivity (18). Mechanistically, this occurs via deacetylation of acetylated targets by SIRT1, which in turn regulates their cellular localization and function (45).
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Supporting its possible role as an energy sensor in skeletal muscle, SIRT1 activity has been shown to increase in low nutrient conditions (38) and to decrease in insulin-resistant states such as those present in patients with type 2 diabetes and with HFD feeding (17, 40) . Thus, interventions that activate SIRT1 hold promise for the treatment of insulin resistance and type 2 diabetes (18, 21) . Indeed, SIRT1 activation with small molecule activators (16, 25, 26, 39) or via increasing NAD ϩ availability (3, 4, 12, 44) improves glucose homeostasis in models of insulin resistance.
To investigate the role of SIRT1 activation in vivo, several genetic mouse models have been created and have revealed metabolic benefits of SIRT1 overexpression. For example, mice with moderate SIRT1 overexpression in several important metabolic tissues, including white adipose tissue, brown adipose tissue, and brain, are leaner, have elevated energy expenditure, and display improved glucose tolerance (7) . However, SIRT1 overexpression in these mice is not present in liver or skeletal muscle (7) , tissues that are generally considered to be key mediators of postprandial glucose metabolism. In another mouse model, SIRT1 overexpression in multiple tissues, including liver, adipose tissue, and skeletal muscle, had no overt effects on glucose homeostasis on a low-fat diet but prevented HFD-induced glucose intolerance (31) . Similarly, in a SIRT1 gain-of-function mouse model, HFD-fed mice were protected from glucose intolerance, although these improvements occurred in the liver and not skeletal muscle (5) . Thus, although it is apparent from these transgenic mouse models that SIRT1 can provide protection from the deleterious effects of HFD on glucose metabolism, the contribution of skeletal muscle SIRT1 remains to be fully defined.
Regarding specific effects in skeletal muscle, SIRT1 overexpression in C 2 C 12 myotubes has been demonstrated to protect against fatty acid-induced insulin resistance through transcriptional repression of protein-tyrosine phosphatase 1B (PTP1B) (40) . Additionally, SIRT1 overexpression in L6 myotubes and primary human myotubes increases insulinstimulated Akt activation, although whether this translates into functional improvements in insulin-stimulated glucose uptake or maintains insulin action under insulin-resistant conditions was not determined (17) . In contrast to these cell-based studies, we recently found that skeletal muscle-specific overexpression of SIRT1 does not enhance muscle insulin sensitivity in young, lean mice in response to a physiological insulin concentration (43) . Since it is possible that SIRT1 is protective only under insulin-resistant conditions (40) , and given that SIRT1 activation in the presence of insulin resistance is more therapeutically relevant, the goal of the present study was to determine whether SIRT1 overexpression in skeletal muscle prevents HFD-induced insulin resistance in mice.
RESEARCH DESIGN AND METHODS

Animals.
Generation of the muscle-specific SIRT1 overexpressing (mOX) mouse has been described elsewhere (43) . The control/wildtype (WT) mice for all studies were floxed, muscle creatine kinase (MCK) Cre-negative littermates. All mice were on a C57BL/6 background, with all studies conducted in male mice. At 10 wk of age, mice were randomized to either continue control (10% calories from fat) diet (CON) or were switched to a high-fat [60% calories from fat (90.7% and 9.3% of fat calories are from lard and soybean oil, respectively), 20% calories from carbohydrate, 20% calories from protein; D12492, Research Diets, New Brunswick, NJ] diet (HFD) for 12 wk. Major endpoint measurements, including ex vivo basal and insulin-stimulated 2-deoxyglucose uptake (2DOGU) and assessment of oral glucose tolerance, were performed in 21-to 22-wk-old, 4-to 6-h-fasted mice between 1300 and 1500. Gastrocnemius (GA) and tibialis anterior (TA) muscles for immunoblotting analysis were collected from mice at the same time that soleus and extensor digitorum longus (EDL) muscles were excised for 2DOGU experiments. Soleus and EDL muscles for MHC analysis were taken from nonfasted mice between 0900 and 1600. GA muscle for mitochondrial respiration analysis was collected from nonfasted mice between 0900 and 1030. All experiments were approved by and conducted in accordance with the Animal Care Program at the University of California, San Diego.
Isolated muscle 2DOGU. Ex vivo muscle insulin sensitivity was measured by the 2DOGU technique in isolated soleus and EDL muscles as described previously (38, 43) . Briefly, mice were fasted for 4 h and then deeply anesthetized. Soleus and EDL muscles were removed and incubated in oxygenated (95% O 2-5% CO2) flasks containing Krebs-Henseleit buffer (KHB; 0.1% BSA, 2 mmol/l sodium pyruvate, 6 mmol/l mannitol) for 30 min at 35°C. One muscle of the pair was incubated in KHB without insulin and the other was incubated in KHB with 60 U/ml (0.36 nmol/l) insulin. After this initial incubation, each muscle was transferred to a separate flask with KHB containing 9 mmol/l [ 14 C]mannitol (0.053 mCi/mmol; PerkinElmer, Waltham, MA) and 1 mmol/l [ 3 H]2DG (6 mCi/ mmol; PerkinElmer) with or without 60 U/ml insulin. At the end of the 20-min incubation, muscles were trimmed on ice-cold filter paper, freeze-clamped, and stored at Ϫ80°C.
Immunoprecipitation and immunoblotting. Acetylated-peroxisome proliferator-activated receptor-␥ coactivator 1␣ (Ac-PGC-1␣) was assessed by immunoprecipitation in nuclear fractions (100 g protein) of GA muscle, as previously described (32, 38) . Nuclear fractions were isolated using a commercially available kit (78835: NE-PER; Thermo Scientific, Waltham, MA) (32) . Immunoblotting was performed by SDS-PAGE, and the antibodies used for insulin signaling measurements have been described previously (38, 43) . Additional antibodies used in this study include eEF2 (Cell Signaling Technology, Danvers MA, cat. no. 2332), cytochrome c (cyt-c; BD Biosciences, San Jose CA, cat. no. 556433), and antibodies from Life Technologies (Carlsbad CA): complex II (C-II, cat. no. A11142), complex IV subunit I (C-IV.1, cat. no. A6403), complex IV subunit IV (C-IV.4, cat. no. A21348), and complex V␤ (C-V, cat. no. A21351).
Blood glucose, plasma insulin and leptin concentrations. Blood glucose concentration was determined from tail vein blood after a 4-h fast prior to an oral glucose tolerance test (OGTT) using a standard glucose meter. Whole blood was collected with EDTA from the inferior vena cava of anesthetized mice and centrifuged at 5,000 g at 4°C for 5 min, and the plasma was frozen at Ϫ80°C for subsequent determination of plasma insulin and leptin concentrations with a Milliplex mouse adipokine kit (Millipore, Billerica, MA).
OGTT. After 11 wk on HFD, 4-h-fasted mice were orally gavaged with 5 g/kg dextrose. Blood glucose concentration was measured using a standard glucose meter by tail vein at 0, 20, 40, 60, 80, and 120 min. The OGTT area under the curve (AUC) was calculated using the trapezoidal rule.
Energy expenditure and body composition. Energy expenditure (EE), respiratory exchange ratio (RER), spontaneous activity, fat oxidation, and body composition were assessed in 21-to 22-wk-old mice as previously described (43) .
Real-time RT-PCR. RNA was extracted from GA muscle using the phenol-chloroform method, and real-time RT-PCR was performed as previously described (43) . Primer sequences for SIRT1 and GAPDH have been described previously (43) . PTP1B primers were: 5=-TTTTCA AAGTCCGAGAGTCAG-3= and 3=-AGTAA-GAGGCAGGTGTCAG-5=.
Mitochondrial isolation and measurement of oxygen consumption. GA was minced and further disrupted with a polytron in isolation buffer (100 mM KCl, 50 mM Tris base, pH 7.8, 5 mM MgSO 4, 1 mM ATP, 1 mM EGTA, 0.5% BSA) containing 1 mg/ml subtilisin. The lysate was then homogenized in a 2-ml Teflon/glass Potter Elvehjem tissue grinder followed by centrifugation at 800 g at 4°C for 10 min. The postnuclear supernatant was filtered through 200-m nylon mesh and centrifuged at 10,000 g for 10 min to generate a crude mitochondrial pellet. This pellet was resuspended in 210 mM mannitol, 70 mM sucrose, 5 mM HEPES (pH 7.2), 1 mM EGTA, and 0.5% BSA and centrifuged again (at 10,000 g) to generate the mitochondrial fraction used for measurement of oxygen consumption. Mitochondrial respiration was measured in a Seahorse XF96 (36) . Briefly, mitochondria were centrifuged (2,000 g for 20 min at 4°C) in 20 l into the wells of an XF96 plate at 1 g/well in medium [70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, 0.2% (wt/vol) fatty acid-free BSA, pH 7.2] containing substrate [10 mM glutamate ϩ 10 mM malate (GLU/MAL) or 10 mM pyruvate ϩ 1 mM malate (PYR/MAL)] and 4 mM ADP. The volume in each well was then brought to 100 l with the same medium, and the plate was warmed to 37°C and transferred into the XF96 analyzer. State 3, state 4 (with 2 M oligomycin) and uncoupler-stimulated respiration (with 4 M FCCP) were measured with five replicate wells for each condition.
Myosin heavy chain. Muscle fiber type was estimated using myosin heavy chain (MHC) composition as previously described (41) . Snapfrozen muscles were weighed, crushed, and placed in sample buffer at a concentration of 125 g/ml. Samples were loaded into SDS-PAGE gels, with 4% acrylamide stacking and 8% acrylamide resolving portions, and run at 4°C at 10 mA constant current for 1 h followed by 275 V constant voltage for 16 -22 h. The gels were trimmed and stained according to the Bio-Rad Silver Stain Plus kit protocol (Bio-Rad, Hercules, CA), and bands were identified and quantified using densitometry (Quantity One, Bio-Rad).
Langendorff-perfused hearts. At 13 wk of age, hearts were excised from WT and mOX mice and perfused on a Langendorff apparatus as described previously (35, 37) . Briefly, hearts were stabilized for 30 min (15 min equilibration, 15 min pacing), after which time they were subjected to global, no-flow ischemia for 25 min followed by reperfusion for 45 min. Postischemic recovery of cardiac parameters including left ventricular developed pressure as a percent of baseline (%LVDP), left ventricular end-diastolic pressure (LVEDP), and peak positive and negative differentials of pressure percent change from baseline with time (%dP/dt max and %dP/dt min, respectively) were assessed throughout reperfusion. Lactate dehydrogenase (LDH), which is released during necrosis of cardiac myocytes, was measured from total perfusates collected over the reperfusion period using an in vitro colorimetric toxicology assay kit (Sigma-Aldrich, St. Louis, MO) as per manufacturer instructions.
Statistics. Statistical analyses were performed using SPSS and Prism 6. Data were analyzed by three-way ANOVA with repeated measures when necessary, followed by Tukey's post hoc analysis with significant differences at P Ͻ 0.05. For the 2DOGU and insulin signaling data, main effects were diet, genotype, and treatment (basal vs. insulin). Once a significant effect for treatment was found, data were separated and two-way ANOVAs within basal and within insulin were performed. For EE data, a three-way ANOVA was performed for the main effects diet, genotype, and time (light vs. dark). Where there was a significant effect of time, data were analyzed by two-way ANOVA within light and within dark. OGTT AUC was analyzed with a two-way ANOVA for diet and genotype, and two-way ANOVAs were used to compare blood glucose levels at each time point of the OGTT. Langendorffperfused heart data were analyzed with a two-way ANOVA with the main factors group and time followed by Bonferroni's post hoc multiple comparison with a significant difference assumed at P Ͻ 0.05. LDH activity [one value was treated as an outlier (more than two times the standard deviation of the mean)], MHC, Ac-PGC-1␣, electron transport chain (ETC) proteins, and mitochondrial oxygen consumption were analyzed with a student's t-test. All data are expressed as means Ϯ SE.
RESULTS
Model validation. Nuclear PGC-1␣ acetylation was reduced by ϳ30 -40% in mOX vs. WT skeletal muscle (Fig. 1, A and  B) . Complementing this decrease in PGC-1␣ acetylation in mOX mice, the protein abundance of cyt c, C-II, and C-IV.4 of the ETC proteins were increased two-to threefold (Fig. 1, C  and D) . Together, this demonstrates the activity of SIRT1 is enhanced in mOX muscle. There was not, however, a universal increase in ETC proteins, as C-IV.1 and C-V were not different between genotypes (Fig. 1, C and D) . Overall, this resulted in no change in the functional capacity of mitochondria, as evidenced by no difference in GLU/MAL-or PYR/MALstimulated state 3 respiration in isolated mitochondria (Fig.  1E ). There was also no genotype differences in type I, IIa, IIx, or IIb MHC protein expression in soleus or EDL muscles (Fig.  1, F and G) . Thus, in this murine model, although SIRT1 overexpression is functionally active in skeletal muscle, it is evident that it regulates some, but not all, components of the ETC. This is not unprecedented, and such findings are similar to those seen in mice with overexpression of nuclear respiratory factor 1 (NRF-1) in skeletal muscle (2) . Representative images (A) and quantification (B) of acetylated PGC-1␣, which was determined by immunoprecipitation (IP) with an Ac-Lys or PGC-1␣ antibody, and subsequent immunoblotting (IB) with an Ac-Lys or PGC-1␣ antibody. Analysis was conducted in gastrocnemius (GA) muscle; n ϭ 6 -8/ group. Representative images (C) and quantification (D) of mitochondrial ETC proteins in GA muscle; n ϭ 4/group. Representative image (E) and quantification of MHC expression in soleus (SOL; F) and extensor digitorum longus (EDL; G) muscles; n ϭ 14/group. H: maximal state 3 respiration measured in isolated mitochondria using glutamate/malate (GLU/ MAL) or pyruvate/malate (PYR/MAL) as a substrate; n ϭ 5/group. Data reported as means Ϯ SE. *P Ͻ 0.05 vs. WT.
Tissue SIRT1 expression. SIRT1 gene expression was ϳ60-fold higher in GA muscle from mOX compared with WT mice but did not differ in liver or epididymal fat ( Fig. 2A) . SIRT1 protein levels were significantly higher in soleus and EDL muscles of mOX vs. WT mice, but there was no effect of diet on SIRT1 abundance (Fig. 2B) .
Body mass and plasma hormone concentrations. Body mass, fat mass, and percent body fat were significantly higher after 12 wk of HFD feeding in both WT and mOX mice (Fig. 3, A  and B) . In line with these data, epididymal fat pad mass was significantly higher in HFD-fed mice, but there was no effect of diet or genotype on GA muscle mass, liver mass, or heart mass ( Table 1) . Fasting glucose levels were increased in WT and mOX animals fed the HFD compared with CON-fed mice ( Table 2) . Plasma insulin and leptin concentrations were increased similarly in WT and mOX mice on HFD compared with CON (Table 2) .
Whole body EE and spontaneous activity. V O 2 was higher during the dark vs. the light phase but was unaffected by diet or genotype (Fig. 3C) . RER was decreased equally by HFD compared with CON in both WT and mOX mice (Fig. 3D) . Consistent with the RER data, fat oxidation was increased similarly by HFD for both genotypes (Fig. 3E ). Spontaneous activity, as measured by all beam breaks on the x-axis (x-total), was increased during the dark phase compared with the light phase and was not significantly affected by genotype or diet, though HFD trended (P ϭ 0.058) to decrease activity in both WT and mOX mice compared with CON (Fig. 3F) .
Oral glucose tolerance and skeletal muscle insulin sensitivity. Blood glucose concentrations during the OGTT were significantly higher in HFD-vs. CON-fed mice (Fig. 4A) , resulting in an ϳ50% higher AUC (Fig. 3B ), but there was no effect of genotype on oral glucose tolerance (Fig. 4, A and  B) . In line with our previous study (38) , insulin-stimulated 2DOGU (insulin 2DOGU Ϫ basal 2DOGU) did not differ between WT and mOX mice on CON (Fig. 4C) . As expected, insulin-stimulated 2DOGU in soleus and EDL muscles of WT mice was significantly decreased by ϳ50% with HFD compared with CON-fed mice (Fig. 4C) . Importantly, however, there was no effect of SIRT1 overexpression on the magnitude of this impairment (Fig. 4C) (Fig. 4, D and F) and EDL muscles (Fig. 4 , E and G) was impaired by HFD but was unaffected by SIRT1 overexpression. There was no effect of diet or genotype on basal p-Akt Ser473 , p-Akt Thr308 or p-GSK3␤ Ser9 . There was no effect of diet or genotype on PTP1B gene expression (WT-CON: 1.0 Ϯ 0.2; WT-HFD: 0.9 Ϯ 0.1; mOX-CON: 1.2 Ϯ 0.1; mOX-HFD: 1.0 Ϯ 0.1, fold change vs. WT-CON, P Ͼ 0.05).
SIRT1 overexpression protects the heart from ischemia/ reperfusion injury. Herein, we confirmed the functionality of the SIRT1 transgene in mOX mice by measuring recovery from ischemia/reperfusion (I/R) injury in the heart, which is known to be modulated by SIRT1 (1, 18, 19, 27, 31) . This was possible as the mOX mouse was generated using mice with Cre recombinase driven by the muscle creatine kinase (MCK) promoter, which drives transgene expression in both skeletal and cardiac muscle (17, 21) . Accordingly, SIRT1 gene expression was ϳ100-fold higher in mOX compared with WT hearts (Fig. 5A ). The mOX hearts had a significantly reduced level of LDH in the effluent after the 45-min reperfusion period (Fig.  5B) , indicating a reduction in cardiac cell death. Remarkably, SIRT1 overexpression restored cardiac function after I/R injury to ϳ80% of preischemia levels vs. ϳ50% in WT hearts, as evidenced by increased percent left ventricular developed pressure (Fig. 5C ), decreased diastolic dysfunction (Fig. 5D) , increased force of muscle contraction (%dP/dt max Ϫ inotropic state; Fig. 5E ), and increased myocardial relaxation (%dP/dt min Ϫ lusitropic state; Fig. 5F ).
DISCUSSION
Given the potential benefit of SIRT1 activation for the treatment of insulin resistance (16, 25, 26, 39) , and the importance of skeletal muscle in postprandial glycemia (14) , we investigated whether overexpression of SIRT1 in skeletal muscle is sufficient to prevent obesity-related impairments in glucose tolerance and muscle insulin action. In line with our recent study (43) , we observed no beneficial effect of skeletal muscle-specific overexpression of SIRT1 on insulin-stimulated glucose uptake in mice fed CON. Significantly, we now extend these findings to reveal that SIRT1 overexpression does not prevent HFD-induced weight gain or impairments in insulinstimulated glucose uptake in skeletal muscle. The role of SIRT1 in the regulation of skeletal muscle insulin action is controversial. For example, our current data are in agreement with reports that show no effect of SIRT1 overexpression on glucose disposal during a hyperinsulinemiceuglycemic clamp in HFD-fed or aged mice (5), insulinstimulated glucose uptake in isolated soleus and EDL muscles in CON-fed mice (43) , or in C 2 C 12 myotubes under normal cell culture conditions (40) . In contrast, under insulin-resistant conditions induced by treatment with free fatty acids, insulinstimulated glucose uptake is slightly enhanced in C 2 C 12 myotubes in which SIRT1 is overexpressed (40) . In addition, others have demonstrated that glucose uptake during a hyperinsulinemic-euglycemic clamp and/or glucose tolerance are improved by treatment with SIRT1 activators (16, 25) , SIRT1 overexpression (29) , or by increasing NAD ϩ availability to enhance SIRT1 activity (3, 4, 12, 44) . However, in those studies it is difficult to discern whether the observed beneficial effects on glucose metabolism are due to direct activation of SIRT1 in skeletal muscle or if they are due to effects of SIRT1 activation in other important metabolic tissues such as adipose tissue, pancreas, or liver. Indeed, activation of SIRT1 specifically in adipose tissue (23) , ␤-cells (8, 27) , or liver (24, 46) of HFD-fed rodents has been shown to improve glucose homeostasis. Furthermore, improvements in glucose tolerance have been reported in a mouse model with moderate overexpression of SIRT1 in brain and adipose tissue but not in skeletal muscle, suggesting that effects in these other tissues, but not in skeletal muscle, play a role in the metabolic benefits of SIRT1 activation (7) . Together, these studies highlight the importance of investigating the tissue-specific effects of SIRT1 activation and reveal that SIRT1 is not an important mediator of skeletal muscle insulin action under normal or overfeeding conditions.
With regard to skeletal muscle specifically, recent studies have shown that overexpression of SIRT1 in L6 myoblasts and primary human myotubes enhances insulin-stimulated Akt activation under normal conditions (17) . Conversely, SIRT1 overexpression in C 2 C 12 myotubes does not enhance insulinstimulated Akt activation under normal conditions but prevents impairments in Akt activation induced by treatment with palmitate (40) . In that study, protection from palmitate-induced impairments in insulin signaling were found to be due to increased suppression of PTP1B by SIRT1 (40) . Interestingly, we observed no effects of muscle-specific SIRT1 overexpression on PTP1B gene expression in CON-or HFD-fed mice. We also found no effect of SIRT1 overexpression on insulin signaling in CON-fed mice or protection against HFD-mediated impairments in insulin signaling. The discrepancy between our results and those reported previously (17, 40) could be explained by the difference in the model systems that were used, since immortalized muscle cell lines and primary muscle cells may not recapitulate the behavior of bona fide skeletal muscle. In addition, we used a physiological insulin concentration (0.36 nmol/l) to study insulin action, whereas those other studies used insulin concentrations (100 -1,000 nmol/l) that are well above the normal physiological range (17, 40) . However, although the insulin concentration used is an important consideration, we previously reported that SIRT1 overex- . HFD feeding increases body fat and fat oxidation in WT and mOX mice. WT and mOX mice were fed CON or HFD for 12 wk. Body mass, lean mass, and fat mass (A) and percent body fat (B). C-F: energy expenditure and spontaneous activity measurements were made using the CLAMS system over 3 consecutive days and averages for the light and dark cycles on days 2 and 3 are presented. V O2 (C) and respiratory exchange ratio (D; RER) were measured by indirect calorimetry. E: fat oxidation was calculated from indirect calorimetry data. F: total (x-total) activity was measured as all beam breaks on the horizontal axis. Data reported as means Ϯ SE; n ϭ 6/group. *P Ͻ 0.05 vs. CON. Data reported as means Ϯ SE in mg; n ϭ 7-24/group. Tissues were weighed to the nearest mg. CON, control diet; HF, high fat diet; WT, wild type mice; mOX, mice with muscle-specific overexpression of sirtuin 1. *P Ͻ 0.05 vs. CON. pression in skeletal muscle does not alter insulin signaling even in response to a supraphysiological insulin dose in young, lean mice (43) , further highlighting differences between in vitro muscle models and studies in skeletal muscle. While our observation that SIRT1 gene expression and protein levels were not significantly reduced with HFD contrasts with some reports (17, 40) , others have observed a reversal of HFDinduced insulin resistance with increased SIRT1 activation, even in the absence of an HFD-induced decrease in SIRT1 levels (13, 15, 31) . This suggests that in tissues such as liver and adipose tissue SIRT1 activation above normal levels holds potential for reversing HFD-induced insulin resistance, and the current results reveal that this activation solely in skeletal muscle is not sufficient to prevent or reverse HFD-induced insulin resistance.
Another important alternative to consider is the activity of the SIRT1 transgene in mOX mice. We are confident that the SIRT1 transgene is active in skeletal muscle of mOX mice, as evidenced by the fact that SIRT1 is overexpressed by ϳ100-fold, and the acetylation of p53 (43) and PGC-1␣, well-known targets of SIRT1, are significantly reduced in mOX vs. WT muscle. We also found significant increases in the protein expression of some, but not all, ETC proteins. Nevertheless, because we saw no effect of SIRT1 overexpression on skeletal muscle insulin action, we sought to confirm the functionality of SIRT1 overexpression in our model by assessing recovery from I/R injury in the hearts of mOX and WT mice, as SIRT1 has previously been shown to be cardioprotective in I/R models (1, 19, 20, 28, 29) . We were able to do this because the MCK Cre mouse used to generate the mOX model results in overexpression of SIRT1 in both skeletal and cardiac muscle (9, 22, 42) . In line with prior reports on the protective effects of SIRT1 (1, 19, 20, 28, 29) , mOX hearts were almost completely protected against I/R injury compared with WT hearts. These data confirm that SIRT1 is active and functional in mOX mice, and as such, if increasing SIRT1 activity per se modulates . C: insulin-stimulated 2-deoxyglucose uptake (2DOGU), calculated as insulin (60 U/ml) 2DOGU Ϫ basal 2DOGU in isolated SOL and EDL muscles. Phospo-Akt Ser473 (pAkt Ser473 ), phospho-Akt Thr308 (pAkt Thr308 ), total Akt, phospho-GSK3␤ Ser9 (pGSK3␤ Ser9 ), and total GSK3␤ in basal and insulin-stimulated (B and I, respectively) SOL (D) and EDL (E) muscles. Quantification of pAkt Ser473 , pAkt Thr308 , and pGSK3␤ Ser9 compared with total protein abundance of Akt and GSK3␤ in SOL (F) and EDL (G) muscles. Data reported as means Ϯ SE; n ϭ 6 -15/group. *P Ͻ 0.05 vs. CON.
skeletal muscle insulin action, we believe that it would be observable in our model. An additional consideration is that the magnitude of SIRT1 overexpression in the mOX mouse is so large (greater than 100-fold), and this level of activation may lead to detrimental effects that would obscure any possible benefits of moderate SIRT1 activation, as has been observed in the heart (1). However, even moderate (2-to 3-fold) whole body SIRT1 overexpression (including skeletal muscle) does not reverse HFD-induced insulin resistance (5) . Together, this suggests that large-scale overexpression of SIRT1 is likely not a confounding issue in the mOX model and also that neither low-nor high-level overexpression of SIRT1 in skeletal muscle improves insulin action in normal chow-or HFD-fed mice.
In addition to its purported role in insulin sensitivity and signaling, SIRT1 has been advocated as a key regulator of energy expenditure and metabolism (10, 11, 18, 21) . For example, moderately higher energy expenditure has been observed in SIRT1-overexpressing mice on HFD (31) . Furthermore, treatment with small-molecule activators of SIRT1 has been demonstrated to protect against HFD-induced obesity (16, 26) and to increase V O 2 in animals fed an HFD (16) . In contrast, V O 2 and body weight were reported to be unaltered with moderate whole body overexpression of SIRT1 in young mice fed normal chow (31) . Interestingly, SIRT1 gain of function in mice fed HFD does not affect body weight gain, spontaneous activity, or metabolic rate (5) but decreases metabolic rate in mice fed normal chow (5) . Clearly, the role of increased SIRT1 activity in the modulation of energy expenditure and body weight/composition is controversial, and discrepancies in reported data may reflect tissue-specific effects of SIRT1 activation. Until now, the muscle-specific effects of SIRT1 activation on whole body energy metabolism in HFDfed mice have not been reported. In the present study, we observed increased body weight and fat mass, decreased RER, and increased fat oxidation with HFD feeding, but we did not observe any effects of muscle-specific SIRT1 overexpression on whole body energy expenditure or body composition. Thus, it is evident that the observed benefits of whole body SIRT1 overexpression on energy expenditure and protection from HFD-induced obesity likely occur due to contributions from tissues other than skeletal muscle. For example, enhanced energy expenditure has been observed in SIRT1-overexpressing mice that lack increased SIRT1 activity in skeletal muscle (7) . Additionally, SIRT1 overexpression in the brain significantly increases V O 2 (34) , and SIRT1 activation induces the "browning" of white adipose tissue, which is associated with increased metabolic rate (33) .
In summary, SIRT1 activation has been put forth as a promising therapeutic approach for the treatment of insulin resistance and type 2 diabetes. However, since systemic SIRT1 upregulation by genetic and pharmacological means leads to SIRT1 activation in multiple tissues, it is important to understand the contribution of specific tissues to the insulin-sensitizing effects of SIRT1 activation. Herein, we report that skeletal muscle-specific overexpression of SIRT1 in mice does not attenuate the deleterious effects of HFD-induced obesity on glucose tolerance or skeletal muscle insulin sensitivity. Furthermore, SIRT1 overexpression in muscle does not alter whole body energy expenditure or prevent weight gain caused by HFD feeding. In conclusion, it is apparent that improvements in skeletal muscle insulin sensitivity, glucose tolerance, and body composition that manifest due to whole body SIRT1 activation in HFD models result from SIRT1 activation in tissues other than skeletal muscle. This should be an important . SIRT1 overexpression protects the heart from ischemia/reperfusion (I/R) injury. A: SIRT1 gene expression in heart relative to GAPDH. WT and mOX mice were subjected to I/R injury on a Langendorff perfused heart setup. B: release of LDH was reduced in mOX compared with WT hearts. Percent left ventricular developed pressure (C), end-diastolic pressure (D), and %dP/dt max/min (E and F) were improved with SIRT1 overexpression. There were significant main effects of diet and genotype and a significant interaction (P Ͻ 0.05). Data reported as means Ϯ SE; n ϭ 5-8/group. *P Ͻ 0.05 vs. WT.
consideration in future studies aimed at understanding the potential of SIRT1 activators as therapeutics for the treatment of insulin resistance and type 2 diabetes.
